Introduction
Heterogeneous catalyst design for petrochemical selective oxidation reactions is a fundamental research field in catalysis, and oxidative dehydrogenation (ODH) of propane has gained great importance for lower alkane utilization in recent years.
1,2 Endothermic direct dehydrogenation of propane is an equilibrium reaction; thus its conversion is temperature limited, the enthalpy of the reaction is high, and catalyst coking is commonly observed. However, there is no equilibrium problem in the ODH of propane since the reaction is exothermic.
Usually redox metal oxides such as vanadium, molybdenum, and niobium oxides are used for the ODH reactions, and there are a few parameters that affect the catalyst properties. The acidic sites of redox catalysts activate propane by hydrogen abstraction. Further abstraction of hydrogen leads to C 3 H 6 formation. However, the allylic C-H bond of propylene is weaker than the secondary C-H bond of propane. 3−9 For this reason, the selectivity of propylene is the main problem in the ODH of propane. The reduction properties and the acidities of catalysts are very important in these types of selective oxidation reactions. Catalysts used in the ODH of propane should desorb the formed propylene easily because strong adsorptions cause propylene combustion to CO and CO 2 . Therefore, studies related to the ODH of propane focus on the propane activation mechanism, effect of the oxygen type (adsorbed or lattice), reaction conditions, and catalyst compositions. changes depending on the type and concentration of the surface VO x species and concentration, which in turn affect the catalytic activity and the product selectivity.
10,18
In the present study, novel V 2 O 5 /MgAl 2 O 4 and K-V 2 O 5 /MgAl 2 O 4 catalysts were synthesized, characterized, and catalytically tested in the ODH of propane.
Results and discussion
The XRD results of pure and 15% V 2 O 5 loaded MgAl 2 O 4 are shown in Figure 1 . V 2 O 5 crystalline phases were observed in vanadium-loaded catalysts. Peaks related to K 2 O were not observed upon potassium addition (not shown), which indicated that potassium was mostly distributed in the pores of the catalyst. The results of surface area measurements are given in 
32.1 NH 3 -TPD measurements, which enable the estimation of surface acidity for catalysts, are shown in Table 2 . The amount of desorbed NH 3 is 58 µ mol/g for the 10% V 2 O 5 loaded catalyst and 31.7 µ mol/g for the 20% V 2 O 5 loaded catalyst. Thus it could be concluded that the total acidity decreases with increasing vanadium content. The acidity difference may be due to vanadium dispersion on the surface and different types of VO x species involved. 10, 21 Moreover, the total surface acidity of the catalysts decreases with the alkaline K 2 O addition to 16.8 and 6.6 µmol/g for 10% to 20% V 2 O 5 loaded catalysts, respectively. Since potassium addition increases the alkaline properties of the catalysts, total acidity decreases as well. NH 3 -TPD curves of the 10% and 20% V 2 O 5 loaded catalysts are given in Figure 2 . As seen in these curves, the peaks around 130
and 380
• C correspond to weak and strong acid sites, respectively, and the shoulder in between corresponds to the mild acid sites. 5 The effect of potassium addition on catalyst acidity is shown in Figure 3 . As seen, potassium addition mainly decreases the number of mild acidic sites. These curves are consistent with the NH 3 amounts depicted in Table 2 . Table 2 . Acidity of catalysts. Temperature programmed reduction (TPR) results of the 10% and 20% V 2 O 5 incorporated catalysts are shown in Figure 4 . There are two main peak maxima and these two peaks around 580 and 720
• C occur due to reduction of V5+ to V4+ and V4+ to V3+, respectively. The TPR peaks of potassium added 10% and 20% V 2 O 5 catalysts are given in Figure 5 . In this figure it is seen that the first reduction peak has shifted to 670 and 680 • C, respectively. 
The XPS spectra of the 10% V 2 O 5 and potassium promoted 10% V 2 O 5 catalysts are given in Figure  6 . It is observed that V2p 1/2 and V2p 3/2 energy regions were obtained for both catalysts. The presence of the V2p 3/2 energy region occurring at 517 eV indicates that both catalysts contain V 5+ species. 23 Upon potassium addition the location of this peak did not shift; in other words, the valence state of the vanadium species did not change. Catalytic activity results of 5%, 10%, 15%, and 20% V 2 O 5 loaded catalysts are shown in Table 3 . Experiments were run between 450 and 550
• C. The main products of the ODH of propane are propylene, methane, ethylene, and ethane. As seen in this table, propane conversion increases and the total hydrocarbon product selectivity decreases with increasing temperature. Maximum selectivity to propylene and total hydrocarbon products was achieved with the 5% V 2 O 5 catalyst at 450
• C as 72.7% and 76.0%, respectively. In these types of selective oxidation reactions, the partial and total combustion products CO and CO 2 form as undesired products. Therefore, the total hydrocarbon selectivity is very important and decreases with increased combustion at higher temperatures. Table 4 . Alkali metal promotion compensates and slows down the reduction cycle of the vanadium species in these types of redox catalysts. 24 As seen in Table 4 , propylene selectivity and total hydrocarbon selectivity increase with increasing temperature. This trend is contrary to the results obtained for vanadium oxide catalysts with no potassium addition (Table 3 ). In particular, propylene is strongly adsorbed on the acid sites of the catalysts and then is converted to the combustion products CO and CO 2 . The increasing propylene and hydrocarbon selectivity at 550 • C are due to alkali promotion upon addition of K 2 O. Alkali addition increases the surface potential of the catalyst surface, the acidity of the catalyst decreases, and the desorption of hydrocarbons from the catalyst surface becomes easier, 6, 8 suppressing further combustions more easily. 6, 8 Despite the fact that the propylene and total hydrocarbon selectivities increases with potassium addition, propane conversion decreases greatly compared to the catalysts with no potassium incorporation at all temperatures most probably due to the decreased BET surface areas and surface acidities. Thus, propylene yields are higher with
3−5
catalysts at all temperatures and it is concluded that potassium addition is not beneficial for V 2 O 5 incorporated catalysts. 
Catalyst characterization
Nitrogen physisorption measurements were carried out at -196 • C using a Quantachrome Nova 3200e BET surface area analyzer after high-vacuum degassing of the catalysts at 300
• C. XRD results were obtained on a Rigaku D/Max-2200 diffractometer using Cu-K α irradiation ( λ = 1.5404Å). X-ray photoelectron spectroscopy 
Catalytic activity tests
The ODH reactions were carried out in a fixed bed tubular quartz reactor. Propane (99.95%, Linde), oxygen (99.99%, Linde), and nitrogen (99.99%, Linde) were fed at atmospheric pressure with a total flow rate of 75 mL/min and a composition of 8:8:59, respectively. Next 250-355 micron size catalysts were diluted with quartz chips at a weight ratio of 1:1 to provide a 400-mg catalyst charge. The dead volume of the reactor was filled with quartz chips in order to avoid homogeneous reactions. An Agilent on-line GC system with TCD and FID detectors; a molecular sieve 5A column for N 2 , O 2 , and CO; and a PoraPLOT Q column for hydrocarbons and CO 2 were used for the analysis.
Conclusion
In this study, V 2 O 5 /MgAl 2 O 4 catalysts and their potassium promoted forms were prepared and tested for oxidative dehydrogenation of propane. The conversion of propane increases with temperature but propylene and total hydrocarbon selectivity decreases with temperature. The maximum conversion and hydrocarbon selectivity achieved with 5%(wt.)V 2 O 5 /MgAl 2 O 4 catalyst at 550
• C are 40.5% and 38.0%, respectively. The propylene and total hydrocarbon selectivity increases with temperature due to the addition of potassium. Hydrocarbon products desorb easily from catalytic active sites because of decreasing acidity with potassium. However, propane conversion decreases greatly compared to the catalysts without potassium at all temperatures and potassium addition is not beneficial for V 2 O 5 included catalysts. Further studies will be done with different support materials and alkali metal oxides.
